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Abstract
This research assessed plankton dynamics in two urban, subtropical lakes (University
Lake and City Park Lake) shortly before a proposed and approved lake restoration project.
Plankton dynamics were determined in University Lake by the dilution method to attempt to
quantify growth rates of phytoplankton and grazing rates of zooplankton. Landry and Hassett’s
(1982) dilution method has been widely used in marine systems to estimate rates of growth and
grazing. In many marine systems, nutrients must be added to prevent nutrient limitation.
However, it is assumed, due to the hypereutrophic conditions, that nutrients would not be a
limitation in University Lake. From October 2018 to March 2020, the average initial chlorophyll
concentration was 231.7 µg L−1 and the average temperature was 20.1 ºC. The average net
growth from dilution experiments was 0.02 d −1 . The expected result is that dilution will influence
grazing, and net growth rates should increase with increasing dilutions, but 14 cases did not
change with dilution. In four cases, growth rates were estimated and average 1.55 d −1 .
Additionally, zooplankton sampling was conducted in University Lake and City Park lake from
October 2019 to March 2020 to evaluate zooplankton composition over time. The largest
quantities and species diversity were collected in City Park Lake near the interstate. The
difference between composition and quantity in University Lake may be due to the differences in
depth at the sampling sites.
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Chapter 1. Introduction
1.1. University Lakes History: From Swamp to Lakes
The six man-made lakes that make up the University lakes system (Fig. 1) are less than
2.5 km to the east of the Mississippi River in Baton Rouge, Louisiana. Before the development
of Baton Rouge and Louisiana State University, the area of the current lake system was a swamp.
Bayou Duplantier, which is the outflow of the University lakes system, flows in a southeasterly
direction and ultimately enters Bayou Manchac (U.S. Army Corps of Engineers, 1995). The
lowlands in the area were known formerly as the Old Perkins Swamp (Curry, 1973). The area
was characterized as a Cypress-tupelo swamp because the dominant tree species were bald
cypress (Taxodium distichum) and tupelo gum (Nyssa aquatica) (Biohabitats, 2015). Cypresstupelo swamps are very productive systems, especially if they are fertilized with nutrients
(Fleury, 2000). Early citizens in the area valued the Old Perkins Swamp for catching shrimp
(Baton Rouge Area Foundation, 2016). The swamp provided natural flood control, filtration of
pollutants, habitats for many organisms, and economic value associated with fisheries and timber
sales.
The lack of appreciation of wetlands in the 20th century and urbanization were the
motivating factors for removing the Old Perkins Swamp. In the 1900s, the public’s perception of
swamps changed because of public health concerns associated with mosquitos. Like many
developing countries, the United States began filling in or draining swamps for urban
development and agricultural purposes. In Louisiana, an estimated loss of 25–50% of wetland
area has occurred since European settlement (U.S. Wildlife & Fisheries, 2005). With the
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development of Louisiana State University in the area, the removal of the swamp would
naturally be seen as a positive step in an early twentieth-century mindset.

Figure 1. (a)City Park Lake and Lake Erie completed (1931) with remaining Cypress-Tupelo
swamp interpreted in green; (b) University Lake, Crest Lake, Campus Lake, and College Lake
completed (1941) with remaining Cypress-Tupelo swamp interpreted in green; Images retrieved
from Morgereth & Dowell, 2015.
The early twentieth century was a time of major development in Baton Rouge (Desmond,
2013). In 1926, the city acquired land from the Gaz-Parkins Realty Company for the purpose of
constructing a lake and residential properties (Curry, 1973), and LSU moved from downtown to
its current location (Baton Rouge Area Foundation, 2016). The idea to create City Park in 1925
resulted in the damming of Bayou Duplantier by the city (Curry, 1973). Damming the bayou was
also the first step in creating the first two lakes. City Park Lake and Lake Erie were completed in
1931 to the north of the Old Perkins Swamp (Fig. 1a). Motivated by the Great Depression of 1929,
the Baton Rouge Chamber of Commerce hired men to clear the swamp for University Lake, Lake
Crest, and College Lake. The lake construction project created the need for many jobs, and it
2

stimulated the economy. The Cypress-Tupelo swamp was manually timbered and excavated to
create the lakes. The project cost totaled $335,800 and took five years to complete (Baton Rouge
Area Foundation, 2016). After the lakes were constructed, they were filled with water from an
artesian well, rainfall, and surface runoff to their original depths, which ranged from 1.2 to 4.6 m
(Curry, 1973). The remaining swamp area in 1941 can be seen in Figure 1b. Residential
development around the lakes resulted in much of the remaining swamp area’s being later
removed.
The Old Perkins Swamp was donated to LSU with the stipulation that it had to be made
into a lake system. Since the development of the lakes, there have been problems associated with
invasive plant species, contamination events, water quality issues, and fish kills. By the 1970s,
the maximum depth of the lakes had decreased to roughly 1.8 m as the silt deposits on the
bottom of the lakes accumulated to 46 cm in thickness (Curry, 1973). As the lakes continued to
fill in and water quality became more of an issue, it became apparent that something would have
to be done if the lakes were to remain as safe and useable sites for recreation. In 1977, a lake
restoration project was submitted to the U.S. EPA by LSU and Southern University faculty with
the city of Baton Rouge. The EPA awarded $1.5 million in matching funds, and dredging began
in 1981 (Baton Rouge Area Foundation, 2016). Dredging the lakes was assumed to improve the
aquatic habitat by removing sediments containing high concentrations of phosphorus, increasing
water depths, and increasing retention times in the lake. However, the project was not completely
successful because of the obstruction to dredging caused by the numerous cypress stumps
remaining in the lakes (Baton Rouge Area Foundation, 2016). Immediately following restoration,
nutrient levels were reduced, but by 2002, phosphorus concentrations were shown to be equal to
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those prior to restoration (Ruley & Rusch, 2002). Current lake conditions can be seen in Figure
2.

Figure 2. Conditions of University lakes (2014); image retrieved from Baton Rouge
Area Foundation, 2016
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1.2. Hydrologic and Biogeochemical Characteristics
The watershed and lake system characteristics provide insight to the influence of nonpoint source runoff to University lakes. Water entering the lakes will likely contain sediment,
nutrients from fertilizer, oil, organic contaminants, and “floatables” from trash (Baton Rouge
Area Foundation, 2016). Nutrients found in fertilizer (typically nitrogen, phosphorus, and
potassium) stimulate algal growth. High concentrations of algae can result in water quality issues
(such as eutrophication and hypoxia) and an accumulation of decomposing organic matter at the
bottom of the lake. Inorganic sediments also enter the lake via runoff. Lake succession, the
gradual decrease in lake depth due to the accumulation of inorganic and organic sediments, is a
natural process that often occurs in bodies of freshwater. City Park Lake and University Lake
have a significant unconsolidated layer of sediments due to organic matter buildup. In 2008, this
layer was found to be around 0.6 m thick in both lakes (Morgereth & Dowdell, 2015). This trend
in the University lakes could ultimately revert the system back into a swamp.
The watersheds of the University Lakes are part of the Bayou Duplantier, Manchac, and
Amite River watersheds and consist of many micro watersheds around the lakes (Baton Rouge
Area Foundation, 2016). The area of the lakes is only 12% of their watershed area (Ruley &
Rusch, 2002). Therefore, the majority of the surface area gathers rain that flows into the lakes.
Bayou Duplantier is routed through an underground pipe to a pond in the golf course north of
City Park Lake (Morgereth & Dowdell, 2015). A retention pond and erosion control structures
have been added to limit nutrient inputs (Ruley & Rusch, 2002). The northernmost lake in the
system, City Park Lake, receives its primary source of storm water through Bayou Duplantier at
the northern end of the lake. The second largest contributor of flow into City Park Lake is the
Lake Erie watershed (Ruley & Rusch, 2004). Water from City Park Lake spills into University
Lake from a sharp-crested weir at the southern end of City Park Lake (Ruley and Rusch, 2002) at
5

May Street. University Lake and Lake Crest are also hydraulically connected. The Stanford
Avenue weir allows University Lake overflows to pour into Bayou Duplantier. Campus and
College lakes are not connected directly to the other four lakes, but they drain into the
Corporation Canal, which also flows into the Bayou Duplantier (Morgereth and Dowdell, 2015).
Lake watersheds and hydraulic control structures supply the lakes with urban non-point source
runoff.
Table 1. Dimensions for the University lakes calculated with depths (Baton Rouge Area
Foundation, 2016) and lake areas obtained from Google Maps area calculator.
Lake

Avg. Depth (m)

Surface Area (ha)

Volume (103 m3)

City Park
0.85
23.00
195.5
Erie
0.67
1.50
10.05
Crest
1.43
3.70
52.91
University
1.22
77.00
939.40
Campus
1.04
2.50
26.00
College
1.71
1.70
29.07
An accurate representation of the flow of the University lakes system would require more
data from each lake, which are not available. Residence time is the time it takes for a parcel of
water that enters the system to leave, and it can be calculated by dividing the volume of the
system by the inflow. In a memorandum to the planners for The Baton Rouge Lakes Master Plan,
the average inflow to the lake system was calculated to be around 2.6  106 m3 per year
(Morgereth and Dowdell, 2015). This quantity of water was estimated given an average annual
rainfall onto the lake watershed of approximately 160 cm per year. Then, it is estimated that
40% of the annual rainfall flows to the lakes. With a total volume of 1.26  106 m3 (calculated
from Table 1), the entire lake system would then have a residence time of 0.48 years. The slow
flow through the system encourages eutrophication and sedimentation (Duarte et al., 2001).
Water temperatures in the lake have varied from 14.4ºC in the winter to 31ºC in the
summer with an average of 22.6ºC (Xu & Mesmer, 2013). In addition to the inflow of non-point
6

pollution and long residence times, lake temperatures may influence algal growth. Connections
have frequently been made between the abundance of phytoplankton and warmer temperatures
and slow flushing rates in aquatic systems (Elliot, 2009; Davis et al., 2009). Certain species of
harmful algae, such as cyanobacteria, are able to out-compete other phytoplankton species when
temperatures are relatively warm. Cyanobacterial cell counts averaged at 32,3000 per mL during
2008–2009 in University Lake (Xu & Mesmer, 2013). The degree of eutrophication in
freshwater lakes has been found to be positively correlated with the likelihood and magnitude of
cyanobacterial blooms (Poste et al., 2011). City Park Lake had a significant filamentous algae
bloom that extended up to 90 m from the shoreline in 1993 (Shinkle, 1993 cited in Ruley &
Rusch, 2002). This particular filamentous alga was said to be non-toxic, but filamentous algae
are typically unsightly to the public, prevent light penetration to the bottom of the lake, and use
up available oxygen upon their decay. Filamentous algae begin to grow in nutrient-rich
sediments before floating to the surface from gases released during their decomposition (Ruley
& Rusch, 2002).
Algal blooms lead to decreases in dissolved oxygen (DO) when they decompose. After an
algal bloom, large amounts of phytoplankton die and sink to the bottom of an aquatic system,
where bacteria feed upon dissolved organics released as the algae decompose. The
decomposition process uses up available oxygen, which is needed for aquatic life. At DO
concentrations below 2 mg/L, a system is considered hypoxic, and most fish species will be
negatively impacted (Frodge, 1990). A typical metric of the demand for DO in aquatic systems is
the biochemical oxygen demand (BOD). This assay measures the amount of oxygen consumed in
the water column as biodegradable substances are decomposed. Xu and Xu (2015) found a
positive correlation between chlorophyll a (chl a) fluorescence and BOD in University Lake
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during 2012–2013 sampling. BOD trends in University Lake follow a seasonal pattern: BOD
measurements are high in the summer and low in the winter (Xu & Xu, 2015). This pattern
suggests that as temperatures rise and phytoplankton growth increases, BOD increases. BOD is
measured in the laboratory at a standard temperature of 20ºC (Laws, 2018), and increases in
BOD are not directly related to temperature. However, increases in temperature can cause
respiration rates to increase due to the effect temperature has on the rate of chemical reactions.
Low oxygen concentrations can lead to fish kills in lakes. Prior to the restoration of 1977, 13 fish
kills were recorded in the University lakes system (Heimann, 2016). Although fish kills
decreased after restoration, one occurred in City Park Lake in 2019 after a bloom of filamentous
algae (DeFelice, 2019).
Grazing on phytoplankton by zooplankton is an important process in limnetic food webs.
Phytoplankton abundance is often related to zooplankton abundance (Mazaris et al., 2010).
Periods of high phytoplankton biomass may coincide with or immediately precede periods of
high zooplankton biomass in lakes. Zooplankton from all six lakes sampled in the 1970s
included, “rotifers , fragments of Zoothamnlum colonies, ectoproct floatoblasts, occasional
oligochaetes, rhabdocoels, nematodes, newly hatched odonate nymphs or chironomid larvae, as
well as various microcrustaceans such as cyclopoid copepods, nauplius larvae, ostracods and
cladocerans” (Curry, 1973, p. 61). Some of these species are strictly herbivorous, and others are
carnivorous. For example, carnivorous copepods have been found to eat rotifers (Brandl, 2005).
Zooplankton composition and abundance is important to consider when assessing water quality
in a lake. Infante and Edmondson (1985) cited increases in the cladoceran Daphnia as the cause
of dramatic increases on water clarity in Lake Washington because Daphnia are herbivorous.
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The continuation of lake succession in the University lakes has probably been due to
urban pollution, watershed characteristics, and the lakes’ hydrology. Impermeable surfaces and
topography cause an increase in the allochthonous inputs of polluted water. Additionally, the
subtropical climate of Baton Rouge has an impact on eutrophication in the lakes (Curry, 1973).
Lake succession may be accelerated by the impacts of global warming. The hydrology of the
University Lake system, with significant non-point source runoff and theoretically slow
residence times, as well as the subtropical climate in Baton Rouge magnify the problems of
eutrophication and sedimentation.
1.3. Current Issues and Plans for Management
The University Lakes in Baton Rouge, Louisiana consist of six shallow lakes near
Louisiana State University approximately 3 km east of the Mississippi River. University Lake
and City Park Lake are the largest of the six lakes, and all six are connected through hydrological
structures or through their urban watersheds. University Lake has an average depth of 1.22 m,
whereas City Park Lake has an average depth of 0.85 m. The shallow depths and subtropical
climate contribute to the hypereutrophic conditions of the lakes. The annual mean temperature of
Baton Rouge is 20.28C, and the annual mean rainfall is 153.67 cm (estimated from 1981–2010
NOAA data). City Park Lake, the northern-most lake, flows north to south, and the major input
of the lake being the Bayou Duplantier. Water from City Park Lake flows into University Lake
through a weir at the south end. Outflow from University Lake empties into Bayou DuPlantier at
the south end near Milford Wampold Memorial Park.
The current condition of the lakes—the problems with water quality and sedimentation—
indicate that the 1977 restoration project produced improvements that were incomplete and
temporary. The depths of the lakes have decreased to the point where no lake has an average
9

depth greater than 1.7 m (Table 1). The shallow depths allow waters to warm up during the
summer. Increases in temperature stimulate the growth of algae and submerged aquatic
vegetation (SAV), and they also increase respiration rates. University Lake experienced a
cyanobacterial bloom on April 26, 2019 (Figure 3a), and City Park Lake experienced a massive
filamentous algal bloom (Figure 3b) sometime around mid-August of 2019. The latter bloom has
persisted through the winter of 2019–2020 (Staff Report, 2020). In addition, areas in the lake
system have experienced problems with invasive species and SAV (Figure 4 a, b, c). Although
550 grass carp were released by the East Baton Rouge Parish Park Systems (BREC) to assist
with excess vegetation in City Park Lake (WBRZ Staff, 2019), many advocates believe
improvements will be seen only after the lake depths are increased.
Presently, another restoration project has been approved and is set to begin in early 2021
(Staff Report, 2020). The reports prepared for the Baton Rouge Lakes Master Plan involved
many different “scenarios for change”, and all of them involved dredging the lakes. One proposal
was a hydraulic dredging similar to what was done during the 1977 project. Other proposals
involved “earthmoving” with either on-site or off-site disposal of sediments (Morgereth and
Dowdell, 2015). Earthmoving is different from hydraulic dredging because it involves the
draining of the lakes before excavation of sediments is done. The recommended action that made
it to the master plan was “earthmoving with on-site disposal” (Baton Rouge Area Foundation,
2016).
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Figure 3. Blooms in University Lake (a) and City Park Lake (b) taken by Fredrik Osborn
The most obvious effect of dredging would be the physical changes of the system. The
proposal for 2021 suggests a total of more than 800,000 cubic yards be removed from the lake
beds (Morgereth and Dowdell, 2015). Some of that excavated material will be put along the
edges of the lakes to reinforce areas that have been degraded by erosion. If the dredging is to
occur, the lake depths will be increased to an average of 1.8 m. The surface area of the lakes is
not projected to change dramatically. This is largely due to the trees along the edges of the lakes
(Baton Rouge Area Foundation, 2016). With the increase of depth to 1.8 m, the volume of the
entire lake system could potentially increase (by 58%) to 2.0  106 m3 . Additional effects to the
lake system due to dredging may also include increased inflows, decreased groundwater levels,
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and improvements to water quality (Rose, 1977). However, historical evidence suggests these
improvements could be temporary.

Figure 4 a, b, c. Invasive species and SAV problems in University Lake system
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Chapter 2. Literature Review of the Dilution Method
2.1. Introduction
Prior to 1980, methods for estimating the growth rates of phytoplankton and grazing rates
of microzooplankton resulted in growth rates that were about half of those currently reported
(Laws, 2013). New methodologies included improved clean sampling and incubation techniques
and methods for estimating growth and grazing that were independent of biomass. The Landry
and Hassett dilution technique (1982) has been used primarily for the estimation of grazing by
microzooplankton. However, the method can also be used to obtain growth rates of
phytoplankton. The dilution method involves collecting large samples of whole water containing
phytoplankton and grazers, filtering a portion of that whole water, and using the filtered water to
prepare a series of diluted samples with different ratios of whole to filtered water. In the original
study, samples were diluted by 0, 25, 50, and 75 %. Ideally the growth rates of the phytoplankton
are unaffected by the dilution, but the grazing rates are reduced in the diluted samples because
the abundance of grazers is reduced and because the abundance of their prey is reduced. After
incubation, the concentration of chlorophyll a (chl a) is measured, and apparent growth and
grazing rates can be obtained by analysis with a suitable mathematical model.
Landry and Hassett (1982) assumed that phytoplankton biomass can be described by the
equation
𝑃𝑡 = 𝑃0 (𝜇−𝑔)𝑡 ,

where P is the biomass of phytoplankton, t is time, and µ and g are the growth rate and the
mortality rate of phytoplankton due to grazing, respectively. The metric of phytoplankton
biomass is the chl a concentration. The original method has two other key assumptions: (1)
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(1)

individual phytoplankton growth is not affected by phytoplankton concentration; and (2)
mortality of phytoplankton due to grazing is proportional to the zooplankton concentration.
Therefore the change in phytoplankton biomass over time in the presence of grazing can be
represented by the equation
𝑑𝑃
𝑑𝑡

= 𝜇𝑃 − 𝐺

(2)

where G is the grazing rate. If zooplankton consume phytoplankton at a constant rate,
phytoplankton are removed from the water at a rate proportional to the phytoplankton
concentration in the water. Then, G = gP, and Eq. 2 can be written
𝑑𝑃
𝑑𝑡

= (𝜇 − 𝑔)𝑃

(3)

The solution to Eq. 3 can be obtained from the equation
𝑃

ln = (𝜇 − 𝑔)𝑡
𝑃0

(4)

This is basically the scenario that Landry and Hassett (1982) assumes. If the water is diluted (as
is done in dilution experiments), then g will change in proportion to the concentration of
phytoplankton, and net growth will increase with increasing dilution. Therefore, phytoplankton
mortality can be described as a linear function of the dilution percentage (i.e. g0 at the 0%
dilution, 0.75g0 at 25%, 0.5g0 at 50%, and 0.25g0 at 75%), where g0 is the mortality rate when
there is no dilution. The slope of a linear regression of net growth rate versus fractional dilution
equals −g0 , and the intercept corresponding to 100% dilution is the growth rate, µ. Then,
The dilution method has been used primarily in marine systems, but there have been
numerous studies in estuarine and freshwater systems. Although the method is still in use, it has
since been scrutinized and modified. Some of the assumptions in the original work of Landry and
Hassett (1982) have been found to not always hold true. In addition, the dilution method
sometimes yields results that are difficult to interpret. Given the amount of publications using the
14

dilution method (or a modification thereof), many data are available for review and analysis.
There have been many summaries of the dilution method (Redden et al., 2002; Calbet & Landry,
2004; Dolan &McKeon, 2004; Chen & Liu, 2010; Laws, 2013; Sherman et al., 2016; Chen &
Laws, 2017; Calbet & Saiz, 2018; Staniewski & Short, 2018). The objectives of this review are
to (1) present trends in the results of dilution experiments, (2) address complications and
modifications, and (3) analyze results of dilution experiments in freshwater systems.
2.2. Trends in Dilution Method Studies
Like the growth of terrestrial plants, phytoplankton growth depends on carbon dioxide,
sunlight, and nutrients. Phytoplankton growth is furthermore dependent on aquatic system
characteristics such as temperature, salinity, depth, mixing, and the abundance and composition
of the predator community. As primary producers, phytoplankton provide the foundation of the
aquatic food web. The conditions of an aquatic system can support healthy phytoplankton
growth, but circumstances can also promote overproduction or harmful algae. Use of the dilution
method has revealed trends of growth and grazing associated with these conditions.
Many summaries of the dilution method have emphasized the impact that temperature has
on aquatic microbial production. Calbet and Landry (2004) compiled a dataset of 788 points
from 66 studies using the dilution method. When separated by temperature habitats, growth rates
were similar in tropical and temperate regions, but growth rates in polar regions were
significantly lower. Average growth rates in tropical, temperate, and polar regions were 0.72 d −1 ,
0.69 d −1 , and 0.44 d −1 , respectively. Grazing rates varied by a factor of three. Grazing rates in
tropical latitudes were the highest at 0.5 d −1 (Calbet & Landry, 2004). A larger dataset was
compiled to estimate optimal phytoplankton growth temperatures for modeling (Sherman et al.,
2016). Using Calbet and Landry’s (2004) dataset and an additional 47 data points, they found a
strong correlation between temperature and growth rates. During long-term studies, seasonal
15

changes in phytoplankton growth and zooplankton grazing have often been reported to be
partially due to the influence of temperature (Abbate et al., 2016; Gauns et al., 2015; Froneman
et al., 1996; Kim et al., 2007). Certain species and sizes of phytoplankton are more successful in
warmer temperatures. For example, picoplankton may grow better in warmer marine
environments, whereas cyanobacteria are more successful at warmer temperatures in freshwater
systems (Chen et al., 2014). However, most species of phytoplankton have optimal temperatures
that are not higher than 28C (Thomas et al., 2012). Experiments with cultures of single species
tend to reveal higher correlations between temperature and growth than experiments with natural
phytoplankton communities (Sherman et al., 2016). This may be due to the ability of natural
phytoplankton to adapt to temperature changes.
Other trends affecting growth and grazing rates from dilution experiments include light
availability, water column mixing, and nutrient concentrations. Multiple mesocosm experiments
with differing light intensities have produced similar grazing rates, but growth rates increased
with greater light intensity (Calbet et al., 2012). In addition, overall carbon fluxes through
microzooplankton were 33–60 % higher in mesocosms illuminated with more light. Stratification
and mixing of systems affect the microbial food web. Separate dilution experiments have been
done in a Danish estuary during periods of stratification and mixing (Teixeira et al., 2004).
During stratified periods, microzooplankton grazing rates were higher than during periods of
mixing. This effect of mixing was possibly due to food availability’s being spread throughout
the water column and phytoplankton being grazed by benthic organisms. In oligotrophic oceanic
waters, most of the nutrients made available to phytoplankton are autochthonous, i.e., supplied
via recycling (Eppley and Peterson, 1979). Diluting samples reduces the concentration of all
grazers and hence reduces the supply of autochthonous nutrients. Nutrients are therefore often
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added to samples in dilution experiments to ensure that nutrients do not become limiting. The
phytoplankton growth rates reported in such experiments are understood to be the nutrientsaturated growth rates. Quantifying the exact relationship between nutrients and growth rates is
difficult. Chen and Liu (2010) found the effect of nutrients to be positively correlated to cell size.
2.3. Complications and Modifications
Landry and Hassett (1982) estimated growth rates using a linear model in which rates of
consumption of phytoplankton were assumed to be directly proportional to the product of the
phytoplankton and zooplankton concentrations (equation 3). Least squares and linear regression
analysis provided growth and grazing coefficients and estimates of confidence. This method
assumes that growth of the phytoplankton is independent of the phytoplankton concentration in
the samples, and the grazing rate per phytoplankton is proportional to the zooplankton
concentration. The linear model has proved to be appropriate for most oligotrophic, oceanic
waters, but it may be inappropriate for mesotrophic or eutrophic systems where the grazing rates
of the zooplankton become limited by factors other than the phytoplankton concentrations. The
dilution method has also been criticized on the grounds that laboratory procedures that disrupt
growth and grazing (either in filtration or incubation) may cause growth and grazing rates to be
either overestimated or underestimated. Since 1982, many modifications of the original dilution
method have been used to enhance understanding of the results.
Although results are sometime difficult to interpret, the dilution method has been used in
mesotrophic and eutrophic systems. Gallegos (1989) used a variety of nonlinear models to
analyze dilution experiments conducted in a eutrophic estuary. Gallegos assumed (as did Landry
and Hassett [1982]) that the parameter G in equation 3 was not affected by phytoplankton
concentrations. Gallegos (1989) used an extrapolation in the equation for a 3-point method that
enabled the equation to fit a nonlinear model. Evans and Paranjape (1992) realized that models
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needed to include the possibility that zooplankton grazing may saturate at higher phytoplankton
concentrations. If the grazing rate becomes saturated at some phytoplankton concentration K,
then at phytoplankton concentrations higher than K,
𝑑𝑃
= µ𝑃 − 𝑔𝐾
𝑑𝑡

(4)

This condition becomes apparent when net growth rates are independent of dilution at low
dilutions. Landry et al. (1995) acknowledged these concerns and recommended the addition of
fluorescently labeled bacteria to samples during dilution experiments. Grazing rates can then be
estimated from the ratio of disappearance of the fluorescent bacteria between diluted and
undiluted samples.
Nonlinear analysis of dilution data has continued to be explored and improved. Using a
piecewise linear model, Redden et al. (2002) were able to interpret results where grazing became
saturated. Their model identifies the phytoplankton concentration at which grazing becomes
saturated (i.e., the grazing rate is independent of the phytoplankton concentration) for the total
zooplankton community. However, zooplankton species may saturate at different phytoplankton
concentrations (Redden et al., 2002). Net growth rates may even increase at lower dilutions, i.e.,
grazing rates are negatively correlated with phytoplankton concentrations. Teixeira and Figueiras
(2009) refer to this as “saturated-increased responses” and consider it a result of selective feeding
by zooplankton. Experiments with high phytoplankton concentrations and a diverse
phytoplankton community (along with lower concentrations of zooplankton) have shown
evidence of the “saturated-increased response”. Additionally, certain types of filamentous algae
haven been known to clog filtering apparatus of Daphnia (Laws, 2018). In such cases, high
concentration of certain types of phytoplankton can interfere with zooplankton grazing. Calbet
and Saiz (2013) have shown with a theoretical food web that trophic cascading may also lead to
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nonlinear results. Experimental procedures during dilution experiments can be altered based on
each system to achieve better agreement between theory and data. Using data from previous
studies of nonlinear systems, Sandu et al. (2019) have found that choosing dilution factors best
suited to the system can be a more efficient approach. They concluded that the optimal degrees
of dilution in a eutrophic system should be chosen so that concentrations are greatly reduced, and
in oligotrophic systems dilution factors should be chosen so that concentrations are reduced by
comparatively small factors (Sandu et al., 2019). In both cases, one experiment should be run
with no dilution. For example, in a eutrophic system, dilution factors might be 1 (no dilution), 8,
16, 32, and 64.
Other complications are associated with lab procedures. The incubations should be
carried out under conditions as close to in situ conditions as possible. Putting samples into bottles
can occasionally produce rates of growth and grazing that are not a good reflection of in situ
conditions. As nutrients are consumed during an incubation, growth rates can become nutrient
limited. The dilution method has since been modified by many researchers to include the
addition of nutrients to prevent nutrient limitation (Landry et al., 1995). An adequate
concentration of nutrients must be added to satisfy growth requirements. Calbet and Saiz (2018)
used the Redfield ratio to develop a procedure to estimate optimal nutrient concentrations. Their
approach requires an estimation of the maximum growth rate of the phytoplankton. Landry et al.
(1984) have recommended the use of in situ diffusion chambers that maintain the water
chemistry of the natural environment. Preparing diluted water can also disrupt microbial
processes during an incubation. Filtering whole water for dilutions potentially alters rates during
incubation. Elevations of the concentrations of inhibitory metabolites have been found after
dilution experiments using blooms of Skeletonema marinoi and Phaeocystis pouchetii (Stoecker
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et al., 2015). The metabolites released during filtering had an inhibitory effect, even with added
nutrients. Allelochemicals released during filtration may also stimulate the growth of bacteria
(Pree et al., 2016)
Several modifications of the traditional dilution method have been used to estimate
growth and/or grazing rates of particular groups of organisms. Different groups of
microorganisms will likely have different rates of growth and grazing. For example, bacteria
make up a large percentage of microbial biomass (Geider, 1989). A dilution approach to
measuring bacterial growth rates using 3 H thymidine was developed for bacterioplankton
(Kirchman et al., 1982). Later, the addition of 3 H glucose by Geider (1989) was implemented in
a similar way. However, changes of the bacterial communities due to nutrient additions have
been cited as a problem (Fuchs et al., 2000 cited in Dolan & McKeon, 2005). Overestimations of
grazing rates is another matter of concern. Using a dataset including a subset of Calbet & Landry
(2004), clearance rates of ciliates were calculated to estimate the effects of dilution on ciliates
(Dolan & McKeon, 2005). Ciliate communities were found to decrease with higher dilutions
after a 24-h period in both oligotrophic and eutrophic systems. Pairing the dilution method with
high-performance liquid chromatography (HPLC) can yield taxon-specific estimates of growth
and grazing (Waterhouse and Welschmeyer, 1995). Also, a two-point dilution method can be
used to get size-specific estimates (Taniguchi et al., 2012). Another concern with dilution
experiments is the effects of viruses on phytoplankton mortality. Staniewski & Short (2018) have
reviewed studies using modified dilution methods and found that they lack the sensitivity to
distinguish among virus-mediated mortality rates. The result could be overestimation of
zooplankton grazing rates.
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2.4. Analysis of Uses and Results in Freshwater Studies
Although dilution experiments have been used to estimate growth and grazing rates in
freshwater systems, they have been used mainly in marine systems. Dilution experiments in
estuarine systems have often compared growth and grazing along a salinity gradient. The growth
of freshwater bacteria from the St. Lawrence River was reduced by up to 50% when introduced
into waters with salinities of 20 (Painchaud et al., 1995). This is likely due to the difference of
plankton composition in freshwater versus saltwater. Differences in plankton composition have
also been mentioned as a likely cause of varying rates of grazing along a salinity gradient in the
Mundaka estuary, Spain (Ruiz et al., 1998). In dilution experiments paired with pigment
analysis, the fastest growing taxa often experience the highest grazing rates (Strom, 2002). Ruiz
et al. (1998) found that growth and grazing rates in the Mundaka estuary tended to increase with
increasing salinity. Grazing rates increased from 0.54 d −1 to 0.94 d −1 and growth rates from 1.60
d −1 to 2.35 d −1 . Using a size-fractioned approach with the dilution method, Griniene et al. (2016)
observed higher rates of zooplankton grazing in brackish versus fresh waters. The differences in
rates of consumption of primary production (130% in brackish versus 76% in freshwater) was
attributed to differences in species composition.
In order to review and analyze existing information, I compiled data from 23 studies on
freshwater systems using the dilution method. Most of the study sites (21 out of 23) were either
lakes, ponds, or reservoirs. However, one site was the fresh portion of an estuary near the Baltic
Sea (Grinene et al., 2016), and another was in the St. Lawrence River (Twiss & Smith, 2012).
Depths of study sites ranged from 1.5 m to 100 m. Most sampling for dilution experiments has
occurred in the epilimnion. However, some studies have included samples collected from
multiple depths (Adrian et al., 2001; Twiss et al., 2012). The epilimnion consists of the upper
mixed layer in an otherwise stratified water column. More shallow lakes and ponds may not
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experience stratification. The trophic conditions ranged from oligotrophic to eutrophic based on
study site information (typically classified by chlorophyll and nutrient concentrations and
turbidity [Canfield et al., 1983]).
The dataset from the 23 studies included 151 paired estimates of autotrophic growth and
grazing from studies published from 1990 to 2018. Figure 5 shows a positive correlation
between growth rate, µ, and grazing rates, g. Modifications to data were done only to maintain
consistency of units between growth and grazing rates (rates estimated in units of d −1 ). Five
studies included data points with negative growth rates (Boyer et al., 2011; Rollwagen-Bollens et
al., 2018; Weisse et al., 1990 ; Lavrentyev et al., 2014 ; Twiss et al., 2005), and three studies
contained negative grazing rates (Grinene et al., 2016; Boyer et al., 2011 ; Rollwagen-Bollens et
al., 2018). The dataset was further separated by habitat types in Table 2 to correlate rates with
depth, temperature, and trophic status. Some studies from the dataset in Figure 5 were omitted
because information on initial chlorophyll or system characteristics was lacking. Depth
classification was based on the maximum depth at the site. Anything less than 5 m was
considered shallow; 5–15 m was intermediate, and sites with depths greater than 15 m were
considered deep. Grouping by climate type was based on the updated Köppen-Geiger Climate
Classification System, which include 5 major climatic types—tropical moist climates, dry
climates, moist subtropical mid-latitude climates, moist continental mid-latitude climates, and
polar climates (Peel et al., 2007). The studies used in the dataset included only tropical,
subtropical, and continental climate zones. Separation by trophic status was based on direct
information from study site information.
Based on the slope of the linear regression of g versus µ, microzooplankton consumption
accounted for an average of 82% of phytoplankton growth in the dataset. Since growth rates
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were merely measured and not controlled, ordinary least squares regression gives a biased
estimate of the slope. Geometric mean regression produces a slope of 1.17 which splits the
difference of the slope of x on y (0.822) and y on x.
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Figure 5. Scatter plot of growth vs grazing rates from dilution
experiments in fresh water; n=151
Table 2. Comparisons of freshwater system characteristics from the data set of dilution
experiments. Mean values ∓ Standard Deviation (Range).

Depth

Habitat
Type
Shallow

Chl a (µg L−1 )
55.1 ∓ 106.1 (4 – 499)

0.72 ∓ 0.7 (−1.3 – 2.32)

0.51 ∓ 0.95 (−1.5 – 2.79)

36

Intermediate

116.22 ∓ 180.46 (0.58 – 799)

0.62 ∓ 0.56 (−1.3 –1.66)

0.4 ∓ 0.69 (−1.83 – 1.92)

63

7.59 ∓ 8.92 (0 – 424.4)

0.26 ∓ 0.3 (−2.6 – 1.15)

0.37 ∓ 0.38 (0.02 – 1.93)

46

Continental

7.07 ∓ 10.66 (0.58 – 44.5)

0.57 ∓ 0.51 (−0.1 – 1.87)

0.61 ∓ 0.62 (0 – 2.79)

54

Subtropical

82.67 ∓ 151.84 (0 – 799)

0.43 ∓ 0.6 (−1.3 – 2.32)

0.21 ∓ 0.64 (−1.83– 2.29)

82

7.94 ∓ 2.65 (5 – 13)

1.21 ∓ 0.48 (0.61 – 2.12)

1.19 ∓ 0.61 (0.58 – 2.11)

9

Oligotrophic

5.14 ∓ 3.85 (0.86 – 15.8)

0.5 ∓ 0.41 (−0.03 – 1.66)

0.51 ∓ 0.56 (0.02 – 1.93)

42

Mesotrophic

10.26 ∓ 10.96 (0 – 42.4)

0.5 ∓ 0.61 (−0.26 – 2.12)

0.64 ∓ 0.56 (0 – 2.11)

40

Eutrophic

121.31 ∓ 173.88 (4–799)

0.57 ∓ 0.68 (−1.3 – 2.32)

0.22 ∓ 0.78 (−1.83 – 2.79)

63

Deep
Temperature

Tropical
Trophic Class

µ (d −1 )

g (d −1 )

n

Growth rates tended to decrease with increasing depth of the study site; mean rates for
shallow and deep sites were 0. 72 d −1 and 0.26 d −1 , respectively. Although mean grazing rates
also decreased with increasing depth, the grazing rates were not as different as the growth rates.
Study sites in tropical climates had higher mean growth and grazing rates (1.21 d −1 and 1.19 d −1 ,
respectively) compared to sites in temperate (mean µ = 0.57 d −1 and mean g = 0.61 d −1 ) and
subtropical (mean µ = 0.43 d −1 and mean g = 0.21 d −1 ) climates. Growth rates were similar in all
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trophic classes, but grazing rates were lower in eutrophic studies (mean g = 0.22 d −1 ) than in
mesotrophic (mean g = 0.64 d −1 ) and oligotrophic (mean g = 0.51 d −1 ) studies.
2.5. Conclusions and Implications for Research
Previous summaries of dilution experiments done in marine studies and the one done here
on freshwater studies have agreed that growth and grazing rates are positively correlated to
temperature. The subtropical climate of Baton Rouge may stimulate growth and grazing in the
University Lake. Results from Table 2 also suggest that the shallow depths of the University
Lakes may stimulate growth and grazing rates. The shallow depths, warmer temperatures, and
nonpoint source pollution to University Lake encourage eutrophication. Although the results
from Table 2 do not reveal a significant correlation between growth rates and trophic status,
grazing rates may be affected by trophic status. When algae are blooming, growth and grazing
rates may be affected. Some cyanobacteria, which are found at times in University Lake, can
form chains or trichomes of cells that make grazing difficult (Lampert, 2010). Edmondonson and
Litt (1982) theorized that Oscillatoria, a filamentous alga, was the cause of a reduced abundance
of Daphnia in Lake Washington. Infante and Abella (1985) later proved that the filamentous
algae created a mechanical interference with Daphnia grazing. In addition, diluting samples may
alter the growth rates of cyanobacteria by altering predator and prey interactions (Ayukai et al.,
1996).
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Chapter 3. Methods
3.1. Dilution experiments
Dilution experiments were conducted with water collected from University Lake. The
dilution method of Landry & Hassett (1982) was used with adjustments appropriate for the
hypereutrophic, freshwater conditions in University Lake. Water samples for dilution
experiments were taken from the surface at one location at a boating dock at Milford Wampold
Memorial Park (site U.L.Wa). Temperature was measured at the time of sampling so that
samples could be incubated at in-situ temperatures. One liter was collected to ensure that there
was sufficient water in case of errors or spilling. Samples were brought to the laboratory within
one hour to be prepared for incubation. Triplicate 10-mL samples for initial chl a were each
filtered onto 25-mm Whatman GF/F filters with a nominal pore size of 0.7 µm and stored in the
freezer wrapped in tin foil.
For preparation of dilutions, 450 mL of whole lake water was filtered through a glass
fiber filter with a nominal porosity of 1.6 µm with vacuum pressure between 100 to 200 mm Hg.
Filtered water was combined with whole water using a serial dilution method that resulted in
triplicates of the undiluted sample and 2, 4, 8, 16, and 32-fold dilutions, each with a volume of
25 mL. Samples were not enriched with nutrients on the assumption that the nutrient
concentrations in the lake were not limiting to algal growth (Ruley & Rusch, 2002).
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a)

b)

Figure 6 a, b. Google map images of sampling stations; (a) Zoomed out on all six stations; (b) Zoomed in on stations U.L. We and C.
P. We
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Each sample was put into a large incubation tank for 24 h. The incubation tank was
attached to a water circulator that kept the incubation tank at a constant temperature equal to the
in situ temperature of the lake water. The tank was illuminated on a light: dark cycle of 14 hours
of light and 10 hours of darkness. Light intensity in the incubation tank ranged from 38 to 182
mol photons m−2 s−1 of visible light (400–700 nm wavelength) from a bank of cool-white
fluorescent lamps. Light intensity was greatest at locations closest to the lamp. To account for
the variance of light intensity, triplicate samples were routinely separated by distance from the
light source with one triplicate being nearest to the lamp, one triplicate being at a mid -range, and
one triplicate being at the farthest distance from the lamp (as seen in Figure 7).

Figure 7. Incubation Tank Set up
After incubation, the triplicate bottles of undiluted and 2, 4, 8, 16, and 32-fold dilutions
were filtered onto 0.7-µm Whatman GF/F filters. Then, the filters (in addition to ones taken for
initial chlorophyll) were extracted in methanol overnight. Filter debris was removed from the
methanol extracts via filtration, and the chl a concentrations in the extracts were measured with a
Cary-50 UV-Visible spectrometer (Agilent Technologies) at 644 and 750 nm. The reading
at 750 nm was used to correct for light scattering by any particles that remained in the methanol.
The apparent growth rates of the phytoplankton were calculated using chlorophyll as the measure

27

of phytoplankton biomass. Chlorophyll measurements for triplicate samples were averaged for
analysis.
Some dilution experiments resulted in zooplankton grazing that appeared to be nonlinear.
Therefore, a piecewise-linear mathematical function (as seen in Figure 9) was used to fit the
data. The function is determined by three constants: the growth rate of phytoplankton µ (h−1 ),
grazing rate, G (µg chl L−1 h−1 ), and the chlorophyll concentration (K µg chl L−1 ) where grazing
switches from constant to proportional to chlorophyll. The piecewise-linear equation took the
form
𝑖𝑓 𝑃0 > 𝐾; 𝑃 = 𝑃0 + (𝜇 × 𝑃0 − 𝐺 )𝑡

(5)

𝑃
𝑒𝑙𝑠𝑒; 𝑃 = 𝑃0 + (𝜇 × 𝑃0 − 𝐺 × 0)𝑡
𝐾
where t is the time interval (one hour) for the numerical integrations.
3.2. Zooplankton Collection
The collection of zooplankton was done for two purposes: (1) comparison of composition
in University Lake and City Park Lake and (2) to gain insight on mesozooplankton feeding
relationships within the system. In addition to the dilution experiments done in University Lake,
Table 3. Sampling Site Description
Site name

Latitude

Longitude

Associated Lake

Samples Taken

C. P. K

30.429167

−91.168056

City Park Lake

Zooplankton

C. P. I
C. P. We
U. L. We.
U. L. R.
U. L. Wa

30.426111
30.420833
30.420556
30.418611
30.408056

−91.168333
−91.166944
−91.166944
−91.170833
−91.164722

City Park Lake
City Park Lake
University Lake
University Lake
University Lake

Zooplankton
Zooplankton
Zooplankton
Zooplankton
Zooplankton and
Water Samples
information on mesozooplankton composition may facilitate understanding of natural feeding
dynamics in the lake. Although dilution experiments were not done in City Park Lake, the
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comparison of zooplankton composition between the two lakes provides insight into the
differences between the lakes.
Sampling for zooplankton began in October 2019–two months after the filamentous
bloom was noticed in City Park Lake. Sampling ended at the beginning of March 2020.
Zooplankton were collected at three stations along the perimeter of University Lake and three
from City Park Lake (Table 3 and Figure 6). For each station, triplicate samples were collected,
and depth and oxygen concentration were measured. Each sample was collected by pumping 12
gallons (45.42 liters) of water through a 333-µm mesh cartridge to collect zooplankton that were
larger than microzooplankton. Microplankton fall in the size range 20–200 µm (Harris, 2000).
Sites with dense filamentous algae in City Park Lake would often fill cartridges before 12
gallons could be pumped. At times, as little as 3 gallons could be pumped at these sites.

Figure 8. Zooplankton pump exterior with labeled parts; image taken by Dr. Mark Benfield
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Cartridges containing zooplankton samples were soaked in a mixture of 9 parts deionized
water and 1 part formalin + a dash of rose Bengal. Formalin is a good preservative, and rose
Bengal stains organisms so that they can be easily distinguished under a microscope. After 24 h,
zooplankton were separated and stored in 70% ethanol until they could be examined under a
microscope. Photographs were taken with a dissecting microscope of zooplankton from each
sample for identification, enumeration, and size classification for a qualitative assessment of
their grazing characteristics.
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Chapter 4. Results
4.1. Dilution Experiments
A total of 18 dilution experiments were done in University Lake from October 2018 to
March 2020. Temperatures and initial chlorophyll concentrations are summarized in Table 4.
During the sampling period, the average temperature in the lake was 20.1 ºC with a minimum of
11ºC and a maximum of 33ºC. The average chlorophyll concentration was 231.7 µg L−1 with
Table 4. Chlorophyll concentrations (Chl), temperatures (T) and net growth rates (growth –
grazing) of dilution experiments where exponential growth rate does not change .
Net growth (d −1 )
Date
Chl (µg L−1 ) ∓ S.D.
T (ºC)
60.7 ± 2.2
16 Mar. 2020
24.2
-0.24
63.6
±
4.2
26 Feb. 2020
15.7
-0.13
41.0 ± 2.1
23 Jan. 2020
11.3
0.50
146.3 ± 21.6
12 Nov. 2019
11.0
0.19
137.1 ± 0.0
31 Oct. 2019
15.0
-0.11
22 Sept. 2019
118.5 ± 11.4
31.6
-0.04
19 Sept. 2019
283.5 ± 3.4
30.3
0.17
10 Sept. 2019
320.9 ± 14.6
33.0
0.16
231.8 ± 3.6
27 June 2019
30.5
0.10
2012.3 ± 309.2
26 Apr. 2019
23.6
-0.28
68.5 ± 7.3
09 Apr. 2019
28.0
0.31
40.1 ± 5.8
22 Feb. 2019
20.3
0.04
17 Jan. 2019
65.5 ± 8.9
12.8
-0.06
03 Dec. 2018
87.2 ± 3.3
14.0
-0.08
27 Nov. 2018
106.1 ± 5.7
13.7
-0.01
96.7 ± 24.3
18 Nov. 2018
11.0
0.11
136.7 ± 2.6
12 Nov. 2018
16.8
0.06
155.6 ± 3.0
26 Oct. 2018
20.3
-0.39
−1
values ranging from eutrophic (Chlorophyll concentrations from 7.3–56 µg L ) to
hypereutrophic (56–155 µg L−1 ) (RMB Environmental Laboratories Inc., n.d.). Four of the 18
experiments resulted in zooplankton grazing that was nonlinear. In these four cases, net growth
rate is constant when the fraction diluted is low (the zooplankton grazing rates are constant), and
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then when the fraction diluted approaches 1, the net growth rates start to pick up because the
zooplankton grazing rates are now being reduced because the phytoplankton concentrations are
low. Therefore, a program using the piecewise function from equation 5 was utilized. Constants
for growth rates of phytoplankton, µ (d −1 ), grazing rates, G (µg chl L−1 h−1 ), and chlorophyll
concentrations, K (µg L−1 ), where grazing switches from constant to proportional to chlorophyll
were determined by a piecewise linear function as seen in Figure 9. In the other 14 cases,
dilution changed G and P in the same way. So the exponential net growth rate, µ – G/P, did not
change. The net growth rates for these experiments are summarized in Table 4. The average net
growth rate for these experiments was –0.01 d. So, grazing and growth were just about in
balance.
Table 5. Calculations from piecewise linear function
P (µg chl

G (µg chl L−1
Date
d −1 )
K (µg chl L−1)
r2
µ (d −1 )
𝑔̅ (d −1 )
L )
9/22/19 114.3
148.8
21.0
98.6625 1.8
1.28
9/10/19 376.1
120
54.0
92.1635 0.5
0.34
1/17/19 61.5
158.4
17.0
99.8155 2.4
2.49
10/26/18 105.4
256.8
35
99.2178 1.5
1.97
Constants G and K determined from piecewise linear function for 4 nonlinear dilution
−1

𝑔𝑚𝑎𝑥 (d −1 )
7.09
2.22
9.32
7.34

experiments are summarized in Table 5. The piecewise function calculated r2 value greater than
92% for each experiment. Growth rates, µ (d −1 ) and average/maximum grazing rates are also
summarized in Table 5. Average grazing, 𝑔̅ , and maximum grazing, 𝑔𝑚𝑎𝑥 , was calculated by
the equations
𝑔̅ =

𝐺
̅̅̅̅̅
𝐶ℎ𝑙

𝑔𝑚𝑎𝑥 =

𝐺
𝐾

where ̅̅̅̅̅
𝐶ℎ𝑙 is the average of initial and final, undiluted chlorophyll.
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(6)

(7)

Figure 9. Piecewise function plotting fraction of dilution to net growth for dates: a)9/22/19; b)
9/10/19; c)1/17/19; and d)10/26/18
The average growth rate for 4 experiments in Table 5 was 1.55 d −1 with average mean grazing at
1.52 d −1 . This results in an average net growth of 0.03. Maximum grazing rates ranged from 2.22
d −1 on September 10, 2019 to 9.32 d −1 on January 17, 2018.

4.2. Zooplankton Composition
Table 5 summarizes the mean depth and dissolved oxygen (DO) concentrations in each
site during the times of sampling. Sites ULWa and ULR in University Lake were almost twice as
deep as the other sites. The shallowest of the six sites, CPI, was 0.19 m. Mean DO concentrations
at each site were above 5 mg L−1 . DO concentrations fluctuated at all six sites, but fluctuated the
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greatest at sites CPI and ULWa . Site CPI had DO concentrations that varied from 2.0 mg L−1 to
8.25 mg L−1 , and ULWa DO concentrations ranged from 4.5 mg L−1 to 10.0 mg L−1 .
Table 5. Site conditions in University and City Park Lake during zooplankton collection from
October 2019 to March 2020: Mean depths (m) and mean DO (mg L −1 ) ∓ S.D. (Range) of each
site at time of sampling. Sampling time was not recorded or kept consistent.
Site

Depth (m)

DO (mg L−1 )

CPK

0.24

5.31∓1.35 (2.25 – 7.25)

CPI

0.19

6.02∓2.21 (2.0 – 8.25)

CPWe

0.31

5.90∓0.90 (5.0 – 8.0)

ULWe

0.29

5.42∓1.12 (4.0 – 7.5)

ULR

0.61

5.65∓1.58 (3.5 – 9.5)

ULWa

0.83

6.31∓1.73 (4.5 – 10)

Table 6. Zooplankton from University and City Park Lakes. *Unknown (with best guess)
Class
Hydrozoa
Rotifera

Order

Ostracoda
Copepoda
Insecta

Average Size (mm)

Limnomedusae

*Craspedacusta sowerbii
* rotifer-egg shaped
*rotifer- sacciform shaped
Unidentified snail-ram-horn shaped

0.8
0.6
1.5
1.1

Cladocera

Daphnia lumholtzi
Unidentified Daphnia species
(possibly D. pulex)
Unidentified Chydoridae cladoceran

2.6
1.1

Sida crystallina
Unidentified ostracod
Unidentified calanoid copepod
Unidentified cyclopoid copepod
Odonate nymph
Chironomid larvae
Other identified insects
Unidentified gammarid amphipod
Mysid shrimp
Unidentified Hydrachnidia
Bass larvae

1.2
0.9
1.1
0.9
1.4
3.7
2.4
2.1
8.8
0.9
8.8

Mollusca
Branchiopoda

Lowest Practical Identification Level

Calanoida
Cyclopoida
Odonata
Diptera

Malacostraca

Amphipoda

Arachnida
Actinopterygii

Trombidiformes
Perciformes
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0.3

Figure 10: (p39 - p41) Images of species collected in University Lake and City Park Lake: a) *Craspedacusta sowerbii, b) * rotifer-egg shaped and
*rotifer-sacciform shaped, c) Unidentified snail-ram-horn shaped, d) Daphnia lumholtzi, e)Unidentified Daphnia, f) Unidentified Chydoridae
cladoceran
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g) Sida crystallina, h) Unidentified ostracod, i) Unidentified calanoid copepod, j) Unidentified cyclopoid copepod, k) and l)
Unidentified Insects
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m) Odonate nymph, n) Chironomid larvae, o) Unidentified gammarid amphipod, p) Mysid shrimp, q) Unidentified Hydrachnidia and
r) Bass larva
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Sites near a weir connecting City Park and University Lakes (CPWe and ULWe) had lower
standard deviation in observed DO concentrations.
At sampling sites in University and City Park Lakes, several species of cladocera were
found, cyclopoid and calanoid copepods, ostracods, amphipods, mollusks, several of an unknown

Figure 11. Microscope image of filamentous algae (possibly Pithophora) at City Park Lake
on Februrary 24, 2020
species (possibly rotifers), an unknown species (possibly Craspedacusta sowerbii), odonate
nymphs, chironomid larvae, hydrachnidia, and fish larvae. Figure 12 summarizes the general
composition collected in the six sites, and Table 6 summarizes each species in as much detail as
possible (with images of each species in Figure 10). The greatest quantity and diversity of
zooplankton was found in site CPI. This site was shallow (0.19 m) and contained dense mats of
filamentous algae (seen in Figure 1) throughout the sampling time. The zooplankton that
dominated in this site were an unknown species (possibly rotifers) and cladocerans. Cladoceran
species were found in significant quantities at each site. Copepods were also found at each site
but to a lesser degree than cladocerans.
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Figure 12. General zooplankton composition in 6 sites at University and City Park Lake.
Zooplankton samples collected at sites in University Lake tended to contain zooplankton at
lower quantities and with less species diversity. Species diversity and quantity of zooplankton in
samples were highest in site ULWe, in University Lake. This site bordered the hydraulic weir
between City Park and University Lakes on Dalrymple Drive. Therefore, site ULWe was closest
to direct inputs from City Park Lake. The lack of species diversity and quantity of zooplankton
collected in sites at University Lake may also be attributed to greater depths and the opportunity
for zooplankton to move within the water column.
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Chapter 5. Discussion
5.1. Growth and Grazing Rates Using the Dilution Method
In general, net growth rates for all dilution experiments were low. This means that, for
the most part, phytoplankton growth and zooplankton grazing were in balance. In dilution
experiments, grazing rates often may equal or exceed growth rates in productive systems
(McManus & Cantrell, 1992). I have attached a profile of the chlorophyll concentrations
measured at Station ALOHA. Landry and Hassett (1982) assume that chlorophyll concentrations
are below K in the ocean. The chlorophyll concentrations at Station ALOHA are 0.1-0.2 µg L−1
(data obtained via the Hawaii Ocean Time-series HOT-DOGS application). After a 32-fold
dilution, chlorophyll concentrations averaged about 3.5 µg L−1 . If zooplankton in lakes are not
much different from zooplankton in the ocean, it is certainly possible that grazing rates were
unaffected by dilution in 14 of the 18 experiments.
The highest net growth rates (i.e., growth rate minus grazing rate) were found in three
dilution experiments done in September 2019. September 22nd , September 19th , and September
10th had net growth rates of 0.52 d −1 , 0.97 d −1 , and 0.15 d −1 , respectively. During this time,
temperatures in the lake reached a peak at 33 ºC (on September 10th ) and chlorophyll
concentrations averaged 241 µg L−1 . In the four dilution experiments where growth rate was
calculated, it averaged at 1.55 d −1 . This is significantly higher than what Calbet and Landry
(2004) observed in their dataset of marine dilution experiments.
In the Spring of 2019, a peak in initial chlorophyll concentration was observed . During a
visible cyanobacterial bloom, chlorophyll concentration reached a maximum observed
concentration on April 26, 2019 at 2012.3 µg L−1 . Net growth from dilution experiments done on
this day were negative—meaning that zooplankton grazing exceeded phytoplankton growth.
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Cyanobacterial blooms typically occur during warmer temperatures (the temperature for this date
was 23.6 ºC). Zooplankton grazing often increases due to a higher concentration of food source.
One theory is that the inhibition that filamentous algae can cause to certain grazers creates a
cascading effect among microzooplankton in dilution experiments (Rollwagen-Bollens et al.,
2018). Physical interference with zooplankton filtering apparatuses or toxins released from
cyanobacteria may reduce abundance and grazing activity of microzooplankton as dilution
factors increase. Both growth (of algae other than cyanobacteria) and grazing rates tend to be
highest immediately after a cyanobacterial bloom. After a cyanobacterial bloom in Vancouver
Lake, microzooplankton grazing and phytoplankton growth reached their maximums
(Rollwagen-Bollens et al., 2018). Unfortunately, the next dilution experiment was not for two
months after the bloom on June 27, 2019. Essential measurements are missing to accurately
describe the system dynamics during this period before and after the bloom.
5.2. Zooplankton Composition
Zooplankton composition recorded reflects a relationship between sampling depth and
species quantity/diversity. City Park Lake is the second most shallow of the six lakes, and sites in
the lake (CPK, CPI, and CPWe) are all less than 0.3 m in depth. University Lake is also shallow,
but sites near the southern end of the lake (ULR and ULWa) are significantly deeper than the rest
of the sites. Due to the method of zooplankton collection, the relationship between depth and
species quantity and diversity could be attributed to a larger water column area in ULR and
ULWa for zooplankton to move around in. During collection, zooplankton are pumped to the
filter cartridge through a funnel attached to hosing. The funnel allows zooplankton near it to be
unable to escape. In deeper sites, the funnel was moved up and down the water column during
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collection, but this may not have been enough to prevent zooplankton avoidance throughout the
water column.
DO concentrations fluctuated through the duration of sampling. Fluctuations of DO
concentrations occur more often in eutrophic systems (Laws, 2018). Recorded DO
concentrations never reached a hypoxic level (below 2 mg L−1 ). At times, sites in University
Lake and City Park Lake came very close. Low DO concentrations can have detrimental impacts
on fish and invertebrates in aquatic systems (Barton & Taylor, 1996). Since zooplankton
sampling began at the end of October 2019, it is reasonable to consider that the lakes reached
hypoxic levels at times that were not recorded in this research due to the fish kill observed in
City Park Lake in early October (DeFelice, 2019). No obvious seasonal trends in DO
concentration were observed. Many systems experience seasonal oxygen depletion problems
(Laws, 2018). City Park and University Lakes are shallow enough that the system is constantly
mixed to the bottom. Less fluctuation in DO concentrations occurred at sites situated near a weir
on Dalrymple Dr. connecting City Park and University Lakes. Increases in DO concentrations
due to weirs have been observed (Cisowska & Hutchins, 2016).
Table 7. Updated dilution experiment table including sampling times right before and after
zooplankton sampling began
Date

Chl (µg L−1 )

Net growth (d

3/16/20

60.7

-0.11

2/26/20

63.6

0.00

1/23/20

41

-0.60

11/12/19

146.3

0.14

10/31/19

137.1

-0.64
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−1 )

9/22/19

118.5

0.52

The mean DO concentrations at sites near the weir on Dalrymple Drive were not greater than
other sites, but it is sensible to consider that the movement from the weir could decrease DO
fluctuation.
Zooplankton composition (species greater than 333 m) could be described in a general
sense. Most species were not classified completely, and some species collected were considered
“unsure”. Unsure species were classified into their most probable categories. The images
obtained during this research did not provide enough detail to claim with certainty that the
species seen in Figure 10b are rotifers. Rotifers were reported to be found in University Lake
System (Curry, 1973), and rotifers are one of the few taxonomic groups of zooplankton that are
most characteristic of freshwater systems (Pennark, 1953). Rotifers range in length from 40
microns to 2.5 mm (Pennark, 1953), and this unknown species had mean length of 0.6 mm. The
unknown species in Figure 10a has a symmetry similar to jellyfish. Craspedacusta sowerbii, or
freshwater jellyfish, have been reported in nearly all states east of the Mississippi River
(Pennark, 1953). In 1999, they were reported as nonnative species in a pond and gravel pit in a
neighboring parish to the east of East Baton Rouge Parish (USGS, Nonindigenous Aquatic
Species). This species is usually recorded at temperatures of 21–24C (Acker and Muscat, 1976),
and the mean temperature recorded in University Lake was 21C.
Several different species of cladocera were documented from the Daphniidae,
Chydoridae, and Sididae families. Cladocera are the most common micro-crustaceans (Dange et
al, 2015). Identification of cladocera of the Daphniidae family are notoriously difficult to
identify due to cyclomorphosis (Pennark, 1953). Other species (copepods, ostracods, and
amphipods) are all typical mesozooplankton in freshwater systems, and have been reported in the
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University Lake System in 1973 (Curry). Insects, in Table 6, were included due to their small
sizes and weak swimming ability. They also certainly have an impact on the feeding
relationships in the lakes
5.3. Qualitative Relationship Between Dilution Experiment Results and Zooplankton
Composition in University Lake
To understand the plankton dynamics in University Lake, data from dilution experiments
and zooplankton sampling (in University Lake only) is considered. Plants, bacteria, and
phytoplankton are the primary producers in any aquatic system, including University Lake. An
estimate of phytoplankton productivity in the lake can be obtained using net growth from
dilution experiments. Since zooplankton sampling began at the end of October 2019 to the
beginning of March 2020, dilution experiment data will be adjusted to include only experiments
done closer to the same time period (as seen in Table 7). Considering only those data, the mean
net growth rate –0.12 d −1 and mean chlorophyll concentration was 94.5 µg L−1 . This means that
growth and grazing were mostly in balance. A 95% confidence interval for the difference
between the means extends from -0.47 d −1 to 0.24 d −1 . Therefore, the mean growth rate of –0.12
d −1 is not significantly different from zero.
Zooplankton are considered the primary consumers in aquatic systems, and their growth
and metabolism relies on internal and external factors similar to phytoplankton. The effects of
physical properties on zooplankton must be addressed at a species level (Harris et al., 2000). To
consider the impact of mesozooplankton on feeding relationships in University Lake, data from
zooplankton sampling is considered. It should be mentioned that zooplankton composition
detailed in this research is by no means a complete display of zooplankton composition in the
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University Lake System. A more quantifiable zooplankton composition approach could be
applied by using a plankton net that takes up the entire depth of the water column.
In addition to microzooplankton, herbivorous and omnivorous mesozooplankton feed on
phytoplankton. Out of all the taxonomic groups observed in City Park Lake and University Lake,
the only groups that were not detected in University Lake was amphipods and trombidiformes
(water mites). Most species of cladocera eat bacteria, detritus, or algae, although some species
are carnivorous. Additionally, food for ostracods and mollusks consists mostly of bacteria,
molds, and algae (Pennark, 1953). Omnivorous species include rotifers, copepods, and some
insects. The mouth parts of cyclopoid copepods allow them to be more selective in their food
source than calanoid copepods. Calanoid copepods use their antennae mostly for the
consumption of algae through filtration, but they also feed on other zooplankton and debris
(Błędzki & Rybak, 2016). Although cyclopoid copepods do certainly eat other zooplankton, in
some circumstances the majority of copepods’ food source is detritus (Pennark, 1953). Many
species of rotifers can ingest all organic particles of an appropriate size (Pennark, 1953).
Predatory rotifers are known to feed on other rotifers and smaller cladocerans and copepods. C.
sowerbii are known to feed mostly on other zooplankton. In a mesocosm experiment, treatments
with C. sowerbii increased in chlorophyll concentration (Jankowski et al, 2005). If the quantity
of C. sowerbii was great enough, it could cause a cascading effect. Bass fish larvae diet consists
of smaller zooplankton, and they can also cause a cascading effect (Geiger et al., 2011). A food
web would continue with secondary and tertiary consumers. In the University Lake System, this
may include larger fish (bass, crappie, or white perch), larger invertebrates, reptiles, birds and
even humans.
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Body size is one of the most important characteristics in describing ecosystem structures
involving zooplankton (Alvarez-Cobelas & Rojo, 2000). Size ratios of cladocera, copepods,
rotifers, and other species collected in University Lake are displayed in Figure 14. The sizeefficiency hypothesis states that although all herbivorous zooplankton compete for smaller size
phytoplankton, larger zooplankton do so more efficiently. Larger zooplankton also have the
ability to consume larger phytoplankton cells (Hall et al., 1976). Similarly, predatory
zooplankton will either consume or be consumed based on their size. For example, copepods
greater than 1mm may have a better chance of eating rotifers since the majority of them are less
than 1 mm in size (as seen in Figure 14).
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Figure13. Body size averages of different taxa found in University Lake from zooplankton
sampling
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Chapter 6. Conclusions
6.1. Dilution Experiments and Zooplankton Composition Synthesis
The results from dilution experiments from October 2018 to March 2020 suggest that, for
the most part, zooplankton grazing balances phytoplankton growth. In most cases, dilution had
no observed effect on grazing. In the four cases where K values were calculated, the K values
averaged 21 ± 4% of the chlorophyll concentrations in the lake. My expectation before I began
these experiments was that in almost all cases grazing rates would be slowed down in the highdilution experiments because of the low abundance of phytoplankton. However, with four
exceptions, this was not the case. Landry and Hassett (1982) developed the dilution method to
study the grazing rates of microzooplankton. Microzooplankton consist of protozoa and metazoa
ranging in size from 20–200 m (Harris et al., 2000) These are flagellates and ciliates, and they
are much smaller than the species I collected with the zooplankton pump (>333 m). The
feeding behavior of the larger zooplankton I collected (mesozooplankton, which range in size
from 0.2 to 20 mm) was apparently very different from the feeding behavior of the
microzooplankton due to the lack of response in grazing to changes in phytoplankton
concentration.
The way that the dilution experiments were carried out in this research did not distinguish
microzooplankton grazing from grazing by any larger zooplankton. However, based on the
results of the dilution experiments, it is possible to theorize that the majority of the herbivores
and phytoplankton cells in University Lake are larger than the flagellates/ciliates and
Prochlorococcus/Synechococcus (small-celled phytoplankton that makes up the majority of
marine environments). Of the cladocera collected, Figure 14 shows that the majority were 2–3
mm in size. The size-efficiency hypothesis states that larger zooplankton are more successful at
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lower food concentrations than smaller zooplankton (Bogdan & Gilbert, 1984). It also states that
larger zooplankton may eat the same size cells as microzooplankton, but they are known to do so
more efficiently (Bogdan & Gilbert, 1984). Zooplankton efficiency, in this context, means that to
the ability to feed relates more closely body size than the costs of respiration. In addition, they
are able to consume larger cells. Additionally, some zooplankton are vertical migrators will feed
at night when their chance of being consumed by larger predators is reduced (Hall et al, 1976).
Therefore, the feeding times may differ greatly in larger zooplankton in University Lake.
However, in a shallow, mimetic lake (such as University Lake), vertical migration is unlikely to
be a factor.
In dilution experiments, the reduction of phytoplankton prey may, and often does,
immediately affect the feeding behavior of microzooplankton. However, a reduction of
phytoplankton prey may not have such an immediate effect on larger zooplankton. A synthesis of
studies done in the central equatorial Pacific, shows that the response of phytoplankton biomass
to iron fertilization was confined mostly to larger diatoms (Landry et al., 1997). Predators of
small cells were able to respond almost immediately to the change in phytoplankton production,
but the response of the predators of diatoms was not immediate. This allowed the diatom
population to dramatically increase. Consequently, reducing the abundance of phytoplankton
prey in dilution experiments may almost immediately affect the feeding behavior of very small
herbivores like flagellates and ciliates, but it may have no immediate effect on larger predators.
It is logical to assume that the majority of phytoplankton in University Lake are much
larger than the smaller cells that dominate marine environments. Larger zooplankton that prey on
larger phytoplankton do not need to feed as much as microzooplankton would, and they may
require more time to process the food that they have eaten. Therefore, changes in the abundance
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of phytoplankton may not result in an immediate effect on grazing rates. This can be reflected by
a dramatic increase in phytoplankton abundance (during the cyanobacteria bloom) when the
chlorophyll concentration increased by a factor of 29 (68.5 µg chl L−1 on April 9th to 2012.3 µg
chl L−1 on April 26th in 2019). This suggests that at many times in University Lake, the predators
are just too sluggish to respond to changes in phytoplankton growth rates. Whereas, in marine
habitats, the phytoplankton and herbivores are small, and the response times are short. Even in
the four cases where K values were calculated, the K values were much lower the chlorophyll
concentrations in the lake: 21, 54, 17, and 35 versus 118.5, 321, 65.5, and 155.6, respectively.
Larger zooplankton would still be sluggish under in situ conditions.
Seeing that phytoplankton growth rates were only able to be calculated in 4 cases, it is
useful to consider how the experiment could have been done differently. One method is the
chlorophyll labeling method introduced by Redalje and Laws (1981). This method does not
require dilution and would yield growth and grazing rate every time. Three experiments were
done using chlorophyll labeling (included in the appendix). Another alteration would be higher
dilution factors. Presumably, at some point, impacts on grazing could be seen. However, diluting
by a factor of 32 and doing the incubations in 25-mL bottles was pushing the limit of what could
be detected in terms of chlorophyll. Therefore, the incubations would need to be done using
much larger volumes of water.
In general, if the growth rate of phytoplankton changes, the zooplankton grazing rate can
adjust. The grazing rate per biomass of zooplankton can change rapidly, but changes in the
abundance of zooplankton takes time. For example, Daphnia have a typical doubling time of 3
days. which implies a growth rates of about 0.693/3 = 0.231 per day (Bethesda, 2005). This is
much slower than phytoplankton growth rates estimated in four cases calculated with the
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piecewise linear function (Table 5) which averaged 1.55 d −1 . So, during a “boom” in
phytoplankton growth, there is no way the zooplankton can keep up. The results of dilution
experiments suggest that grazing rates per unit biomass are insensitive to phytoplankton biomass
at high chlorophyll concentrations. Since zooplankton growth cannot keep up with
phytoplankton growth and grazing rates per capita do not change, phytoplankton in University
Lake may easily go into “boom-bust” cycles where blooms occur then run out of nutrients and
die.
6.2. Implications on Future of the Lakes
The proposed Baton Rouge Lakes Master Plan seeks to increase the overall depths of the
lakes. Although this may initially improve water quality in the lakes, measurements of post restoration efforts in the past show a tendency of lake succession and eutrophication. The urban
nature of the lakes allows excessive inputs of inorganic nutrients, which increases algal growth.
Net growth rates were mostly low in dilution experiments, meaning that phytoplankton growth
and zooplankton grazing was balanced. However, there are times when phytoplankton growth
exceeds zooplankton grazing (especially during September 2019), and grazing exceeds growth
(mostly in the fall and winter months). The presence of herbivorous zooplankton, like Daphnia,
can have positive impacts on water clarity, as Edmondson and Litt (1982) found in Lake
Washington. However, filamentous blooms, which occur in the University Lakes, can hinder
herbivorous grazing. This could create a cascading effect by limiting herbivorous grazers and
increasing the occurrence of algal blooms.
6.3. Problems
Alterations in approach could be utilized in order to get a better understanding of the
plankton dynamics in the lake. One issue would be the ability to distinguish between taxa of
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phytoplankton and zooplankton in dilution experiments. For phytoplankton, this could be done
with in depth pigment analyses. For zooplankton, this could be done by having separate
treatments, one being prefiltered for macrozooplantkon. Additionally, since mesozooplankton
have slower doubling times, longer incubation periods may be necessary. Landry and Hassett
(1980) assumed that microzooplankton were feeding at a constant rate. If larger zooplankton feed
less frequently or spend time hiding from predators, their response to a change of prey
abundance may only show up after a lag in time.
Other issues not mentioned previously in this section, include artifacts associated with the
dilution experiment. Possible factors affecting plankton dynamics in dilution experiments are
light variability and movement of vials in incubation and alteration of water chemistry during
filtration. Manipulation in dilution experiments can alter natural composition of zooplankton
(Harris et al., 2000). More statistical assessments are needed to quantify the risks of error in
dilution experiment.
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Appendix. Results from Chlorophyll- Labeling
Table 8. Comparison of growth rates estimated from chl-labeling(CL) and dilution
experiments(DIL); “n/a” refers to results that were not able to be estimated due to not being done
(chl-labeling) or no evidence of grazing (dilution experiments).

Date

CL: µ (d -1 )

DIL: µ (d -1 )

9/10/19

0.70

0.5

9/19/19

0.48

n/a (net growth =0.99)

9/22/19

0.36

1.8

1/17/19

n/a

2.4

10/26/19
n/a
1.5
Redalje & Laws (1981) reasoned that incorporation of 14 C into chl a would provide an
estimate of phytoplankton growth rates if the specific activity of the chl a carbon equaled the
specific activity of the Phytoplankton Carbon after incubation. Community growth rates can also
be estimated based on the changes in chlorophyll a using chl a labeling. In three experiments,
concentrations and 14 C activities of chl a were determined using high performance liquid
chromatography (HPLC) in the lab of Dr. Don Redalje at the Stennis Space Center.
The four dilution experiment results where growth rates could be estimated produced
three high growth rates and one lower growth rate at 0.5 d −1 (09/10/19). The
chlorophyll labeling method gave growth rates between 0.36 and 0.70 d −1 .
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However, the results from both chl-labeling and dilution experiments show that phytoplankton
are growing rapidly. The average growth rate of chl-labeling experiments was 0.5 d −1 . This
corresponds to a doubling time of 1.4 days. The average growth rate of four dilution experiments
was 1.55 d −1 . This corresponds to a doubling time of roughly 11 hours.
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